M
embers of the nuclear receptor superfamily are known to play important roles in differentiation, development, homeostasis, and metabolism, as well as in disease development and progression (1) . Testicular orphan nuclear receptor 4 (TR4) (also known as TAK1 and Nr2c2; www.informatics.jax.org) is closely related to the retinoid X receptor (RXR), chicken ovalbumin upstream promoter-transcription factor (COUP-TF), and hepatocyte nuclear factor 4 (HNF4) in sequence and structure (2) , and binds to AGGTCA DNA sequence motifs in direct repeat orientation, with variable spacing, in the promoters of its target genes. As an orphan nuclear receptor with several known regulatory targets (3) (4) (5) (6) (7) (8) (9) (10) (11) , TR4 may affect many signaling pathways and thus have a major impact on physiological function. A substantial difficulty in determining the function of many orphan receptors, including TR4, has been the inability to identify ligands through which the receptors are activated. In response to this dilemma, creation of mammalian gene knockout models has become a successful strategy through which to study the physiological roles of orphan receptors in vivo (12) (13) (14) (15) . TR4 remains an orphan receptor with no identified ligand and a relative mystery with respect to physiological function.
TR4 is widely expressed in both embryonic and adult tissues, again suggesting that the receptor affects various developmental and physiological pathways. For example, TR4 is expressed in both neural and nonneural tissues during embryonic development (4, 5, 7) . In situ hybridization experiments using probes specific for TR4 have shown transcripts present in actively proliferating cell populations of the brain and peripheral organs at various times throughout embryogenesis, with more restricted expression in adult animals (16) (17) (18) . Peripheral tissue expression of TR4 has been shown to be nearly ubiquitous, yet it is often cell-specific within particular tissues (19) . Northern blot analysis of tissue from the adult rat demonstrated significant TR4 expression in the prostate, adrenal gland, spleen, thyroid gland, and pituitary gland (16) , whereas expression in the mouse was found to be highest in the testis, kidney, and skeletal muscle (19) .
Upon generation of TR4 Ϫ/Ϫ mice, a complex set of phenotypic abnormalities was found to exist. TR4 Ϫ/Ϫ mice are produced at lower than Mendelian ratios, with a significantly lower proportion of female knockouts produced than male knockouts. Evidence of a growth defect in affected animals is apparent early in postnatal life, and fertility in the knockout mice is greatly reduced compared with wild-type mice. Additionally, female mice lacking TR4 exhibit behavioral abnormalities, including defects in maternal behavior.
Experimental Procedures
TR4 ؊/؊ Targeting Construct Design and Knockout Mouse Generation.
The knockout shuttle (KOS) system (20) was used to derive a TR4-targeting vector. Three independent genomic clones spanning exons 4-10 were isolated. The targeting vector was derived from one clone and contained a 2,173-bp deletion that included most of exon 4 and all of exon 5. The genomic sequence encoding the DNA-binding domain of TR4 was replaced by a Lac-Z͞Neo selection cassette. The NotI linearized vector was electroporated into strain 129SvEv brd (LEX1) embryonic stem (ES) cells, and G418͞FIAU-resistant ES cell clones were isolated and screened for homologous recombination of the mutant DNA by Southern blot. One targeted ES cell clone was injected into blastocysts of strain C57BL͞6 (albino), which were then inserted into pseudopregnant female mice for continuation of fetal development. Resulting chimeric male mice were then mated to C57BL͞6 (albino) females to generate animals heterozygous for the mutation. Three sexually mature breeding pairs, with each mouse heterozygous for the disrupted TR4 gene (TR4 ϩ/Ϫ ), were provided by Lexicon Genetics Incorporated).
Experimental Animals, Genotyping, and Growth Analysis. TR4 ϩ/Ϫ founders were intercrossed, as well as backcrossed to mice of the C57BL͞6 strain. Mice were housed in the vivarium facility of the University of Rochester Medical Center. The animals were provided a standard diet with constant access to food and water, and exposed to a 12-h light͞dark cycle. Genomic DNA was isolated from tail or embryo samples, after proteinase K digestion, by means of phenol͞chloroform extraction (21) . Extracted DNA was used as template for PCR-based genotyping. Primers for amplification of the wild-type and targeted alleles were designed based on sequences within intron 4 (deleted in the TR4 Ϫ/Ϫ ), or within the selection cassette and external to the deleted region, respectively. The PCR primer sequences are TR4-107 (wild-type, forward, 5Ј-GGAGACACACTGCACAT-GTTCGAATAC-3Ј; TR4-111, wild-type, reverse, 5Ј-CA-CAGCTCATTTCT CTGCTCACTTACTC-3Ј; Neo-3a, targeted allele, forward, 5Ј-GCAGCGCATCGCCTTCTATC-3Ј; and TR4-34, targeted allele, reverse, 5Ј-TGCAAGCATACT-TCTTGTTCC-3Ј. DNA in PCR-genotyping reactions was amplified in 35 cycles with melting, annealing, and extension temperatures of 94°C, 61°C, and 72°C, respectively. For weight measurements, littermates from TR4 ϩ/Ϫ matings were weighed every other day, starting at postnatal day 2, until day 30. Subsequently, pups were weighed once per week for 8 additional weeks. Serum levels of insulin-like growth factor-1 (IGF-1) were determined by using a commercially available RIA kit employing the competitive binding immunoassay format (Diagnostic Systems Laboratories, Webster, TX). All experimental protocols were approved by the University Committee on Animal Resources and the office of Environmental Health and Safety before implementation.
RT-PCR Analysis of Gene Expression. For RT-PCR analysis of gene expression, total RNA was isolated from the cerebella of 7-monthold TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice, by using TRIzol Reagent (Invitrogen). First-strand cDNA synthesis was achieved by using the SuperScript II RNase H Reverse Transcriptase kit (Invitrogen). The sense strand (S) and antisense strand (AS) PCR primer sequences are (m, mouse): mTR4(S), 5Ј-CATATTCACCAC-CTCGGACAAC-3Ј; mTR4(AS), 5Ј-TGACGCCACAGACCA-CAC-3Ј; mTR2(S), 5Ј-CCGCATCTAATCGCTGGA GAG-3Ј; mTR2(AS), 5Ј-GCATAGGAGAAGGCATGGTGAG-3Ј; ␤-actin(S), 5Ј-TGTGCCCA TCTACGAGGGGTATGC-3Ј; and ␤-actin(AS), 5Ј-GGTACATGGTGGTGCCGCCAGACA-3Ј.
Tissue Preparation, Histology, and Immunostaining. Mice were anesthetized with an overdose of pentobarbital and perfused through the left ventricle with 20 ml of saline (pH 7.3), followed by 20 ml of 10% neutral buffered formalin. Tissues were removed and postfixed by submersion in 10% formalin. Alternatively, fresh tissues were fixed by direct submersion in 10% neutral buffered formalin, before processing. Tissue was processed for embedding and embedded in paraffin. Liver tissues were cut at a thickness of 7 m, deparaffinized, and stained with a mouse monoclonal anti-human IGF-1 primary antibody (Upstate Biotechnology, Lake Placid, NY), followed by use of a biotinylated anti-mouse secondary antibody (Vector Laboratories). Staining was visualized by using the Vector ABC staining kit followed by DAB substrate (Vector Laboratories). Hematoxylin was used as a nuclear counterstain after immunostaining.
Tests of Female Reproductive Capacity and Maternal Behavior Obser-
vations. Age-matched adult TR4 ϩ/ϩ and TR4 Ϫ/Ϫ female mice were each paired with a sexually mature TR4 ϩ/ϩ male for 2.5 weeks and then separated. The number of pups born to each female was recorded. Dams and pups were observed in their home cage after parturition.
Data Analysis. The body weight data were analyzed by ANOVA. IGF-1 RIA data and mortality rates were analyzed by using independent sample one-tailed t tests, assuming equal variance. Ratios of genotypes generated from heterozygous pairings and differences from expected Mendelian ratios, overall and within sex, were analyzed by using the 2 test. Sex ratios within each genotype were also analyzed by using the 2 test. From 110 TR4 ϩ/Ϫ breeding pairs, 751 pups were produced and genotyped. The ratios of genotypes produced were significantly different from expected Mendelian ratios (Table 1) . TR4 Ϫ/Ϫ mice were found to make up only 13.6% of the total pups produced, when TR4 ϩ/ϩ and TR4 Ϫ/Ϫ pups would each be expected to account for 25% of the total number. Interestingly, of the entire population of TR4 Ϫ/Ϫ mice produced, significantly fewer were female (30.4%), compared with the equal sex ratio that was expected.
Results

Generation and Confirmation of TR4
Loss of TR4 ؊/؊ Embryos Begins at Embryonic Day (E) 13-E14.5. Pregnant female TR4
ϩ/Ϫ mice that had been mated to male TR4 ϩ/Ϫ mice were killed at time points ranging from E7.5-E22. Resultant genotype ratios of the embryos present suggest a loss of TR4 Ϫ/Ϫ embryos beginning at E13-E14.5 (Table 2 ). This embryological stage corresponds to late fetal organogenesis and the beginning stages of fetal growth and development (22) . Embryological expression of TR4 has demonstrated particularly abundant TR4 transcript in the ventricular zones of the brain, as well as in the striatum and cerebellar primordium at E14-E16, with expression extending to the spinal cord by E16 (4), suggesting a role for TR4 in neuronal proliferation and development of particular brain regions that may be lethal when disrupted. Reduced Postnatal Growth of TR4 ؊/؊ Mice. At the time of birth, TR4 Ϫ/Ϫ mice were visibly indistinguishable from TR4 ϩ/ϩ or TR4 ϩ/Ϫ littermates, with no obvious defects in suckling ability. However, it was found that both male and female TR4 Ϫ/Ϫ mice were smaller than TR4 ϩ/ϩ and TR4 ϩ/Ϫ mice at similar ages (Fig.  2B) . TR4 Ϫ/Ϫ pups displayed a range of significant weight reduction, between 20% and 56%, compared with their TR4 ϩ/ϩ and TR4 ϩ/Ϫ counterparts, up to 12 weeks of age (Fig. 2B) . These data show that weight differences in TR4 Ϫ/Ϫ mice compared with their TR4 ϩ/ϩ and TR4
ϩ/Ϫ littermates are apparent during the first postnatal week, and that a reduction in growth rate is obvious up to 1-2 weeks after the normal time of weaning (3 weeks). Thereafter, the growth curves are nearly parallel, with a 20-30% reduction in weight maintained into adulthood (Fig. 2) .
Analysis of Growth-Related Hormone Levels. Levels of growth hormone (GH) and IGF-1, a downstream target of GH, were measured in serum from age-matched TR4 ϩ/ϩ and TR4 Ϫ/Ϫ mice or analyzed by means of immunostaining. Overall pituitary structure, as well as somatotroph numbers and levels of GH produced in the anterior pituitary, are similar in sections from TR4 ϩ/ϩ and TR4
Ϫ/Ϫ mice (data not shown). However, serum levels of IGF-1 were found to be reduced by 34% in TR4 Ϫ/Ϫ mice compared with TR4 ϩ/ϩ controls (Fig. 3A) , and immunostaining for IGF-1 in liver sections demonstrated reduced IGF-1 immunoreactivity in TR4 Ϫ/Ϫ hepatocytes compared with TR4 ϩ/ϩ (Fig. 3B ).
Reduced Fertility in Female TR4 ؊/؊ Mice. Short-term mating experiments to test TR4 Ϫ/Ϫ female reproductive capacity demonstrated impaired TR4 Ϫ/Ϫ fertility. Only one of five TR4 Ϫ/Ϫ females produced a litter after a 2.5-week mating period, whereas all TR4 ϩ/ϩ females produced litters (Fig. 4A) . Ϫ/Ϫ dams do not build nests, collect pups to a single location, crouch over pups, or nurse their offspring, and pups of TR4 Ϫ/Ϫ dams die within 24-36 h after birth with no milk in their stomachs (Fig.  4 B and C) . Histology of mammary gland tissue from a TR4 ϩ/Ϫ female (TR4 ϩ/Ϫ females show normal reproductive capacity and maternal behavior) and from a TR4 Ϫ/Ϫ female, on postpartum day 1, demonstrates no obvious defect in milk production in the TR4 Ϫ/Ϫ mouse (Fig. 4D) . The magnified mammary gland structures (Fig. 4D) show milk (pink staining) within the glandular lumen (GL) (Fig. 4E) . However, the mammary glands of the TR4 Ϫ/Ϫ dam are abnormally full of milk, which is consistent with the lack of maternal behavior and thus lack of pup nursing observed in these animals. In contrast, the TR4 ϩ/Ϫ mother shows mammary glands with both full and empty luminal regions (Fig.  4 D and E) , suggesting that milk is drained by pup suckling and restored through continuing milk production. Although histological analysis of mammary gland structures supports the observed lack of maternal behavior among TR4 Ϫ/Ϫ dams, few samples have been analyzed thus far. It is important to note that pups may develop preferences for particular nipples, and with small litters not making use of all available nipples, mammary gland structures may appear histologically similar to those of the TR4 Ϫ/Ϫ mothers, even with normal displays of maternal behavior and pup suckling activity. Additionally, preliminary analysis of oxytocin levels in the mouse hypothalamus suggests a reduction in expression in TR4 Ϫ/Ϫ mice compared with TR4 ϩ/ϩ mice (data not shown). Due to the reduced expression of oxytocin in TR4 Ϫ/Ϫ mice, it is possible that these mothers have abnormal milk ejection capacity, as is the case in the oxytocin-deficient oxytocin knockout and Mf3 knockout mice (23, 24) . However, with the defect in maternal behavior displayed by TR4 Ϫ/Ϫ mothers, it will be difficult to test the milk ejection reflex.
Loss of Maternal Behavior in TR4
Eye Pathology Among TR4 ؊/؊ Mice. An additional phenotype observed among TR4 Ϫ/Ϫ mice is the accumulation of fluid surrounding the eye (Fig. 5) . The eyelids of TR4 Ϫ/Ϫ mice often appeared swollen with excess moisture or a dried, crusty area surrounding the eyes. In this condition, the mice either refrained from, or were prevented from, opening their eyes widely. The increased release and͞or buildup of eye secretions indicate possible abnormalities of lacrimal gland and͞or immune function due to the loss of TR4 expression.
Discussion
The number of homozygous TR4 Ϫ/Ϫ pups generated from heterozygous pairings was just over 50% of the expected number based on normal Mendelian ratios of genotypes (Table 1) . Without evidence that significant numbers of pups are dying perinatally, the data obtained suggest increased embryologic mortality of TR4 Ϫ/Ϫ mice. It is known that TR4 is expressed in the mouse embryo as early as E9, with particularly high expression in various regions of the developing nervous system during subsequent prenatal development (4) . Further analysis of embryonic genotype ratios indicated a loss of TR4 Ϫ/Ϫ embryos starting at E13-E14.5, with a more pronounced reduction of TR4 Ϫ/Ϫ embryos by the late stages of embryogenesis (E16.5 to birth) ( Table 2 ). Another closely related 12 *** TR4 Ϫ͞Ϫ female mice are generated at a significantly lower rate than are male TR4 Ϫ͞Ϫ mice ( ** , P Ͻ 0.005).
TR4 Ϫ͞Ϫ mice are generated at less than expected Mendelian ratios, and TR4 Ϫ͞Ϫ mortality rates are significantly higher than those of TR4 ϩ͞ϩ or TR4 ϩ͞Ϫ mice ( *** , P Ͻ 0.001). Dams were killed within the indicated range of days after conception. The time of conception was estimated to be 0.5 days prior to the observance of a vaginal plug. P0͞E22, postnatal day 0͞embryonic day 22.
orphan nuclear receptor, COUP-TFI, has a significantly overlapping spatial and temporal expression pattern with TR4 (18). Interestingly, COUP-TFI null mutants display defects in formation of the ninth cranial ganglion, and disrupted nerve projection and arborization in additional regions of the developing mouse brain (12) . Unlike the TR4 Ϫ/Ϫ mice, however, COUP-TFI null mutants are found at Mendelian ratios throughout embryogenesis and at birth, but nearly all die perinatally (12) . Further exploration of fetal development with regard to neurogenesis, angiogenesis, cardiac development, and hematopoiesis may help to explain the significant loss of TR4 Ϫ/Ϫ embryos observed. The growth defect observed among TR4 Ϫ/Ϫ mice (Fig. 2) is similar in rate of growth reduction observed among other small mouse mutants (25) (26) (27) (28) , yet relatively unique in the timing of the onset of growth reduction. Unlike the 2-week postnatal latency to growth reduction in the Snell, Ames, and little dwarf mutants (28),
TR4
Ϫ/Ϫ animals display significant growth reduction as early as postnatal day 2 (the first time point at which measurements were collected, Fig. 2B ). Interestingly, a mutant mouse deficient in the winged helix gene Mf3, which encodes a transcription factor highly expressed in the central nervous system of the developing embryo, shows growth reduction as early as 2-3 days after birth (24) . Also similar to TR4, Mf3 is expressed in the neural tube at E9.5, as well as in the diencephalon and midbrain. Furthermore, the Mf3 mutant animals show variations in phenotype with considerable embryonic lethality, 30% preweaning mortality among those surviving to birth, and surviving adult mutants that, although small in size, can live to over 1 year of age (24) .
Mice with growth retardation often display defects in pituitary structure or function, which may become apparent as an ultimate defect in GH or thyroid-stimulating hormone (TSH) production or secretion (25) (26) (27) 29) . Despite the lack of structural abnormalities of the pituitaries of TR4 Ϫ/Ϫ mice, it is possible that TR4 affects pituitary hormone-initiated signaling at points further downstream. TR4 has been shown to bind to direct repeat 4 thyroid hormone response elements and compete for binding to, and thus regulation of, thyroid hormone target genes (3, 9) . Indeed, mice carrying mutations of the thyroid hormone receptors, individually (TR␤ Ϫ/ Ϫ), or in combination (TR␣1 Ϫ/Ϫ ␤ Ϫ/Ϫ ), display growth impairments (30, 31) . Therefore, a disruption of regulation of the thyroid hormone receptor signaling pathway by means of loss of TR4 may contribute to the growth defect observed in TR4 Ϫ/Ϫ mice. Also, as a downstream mediator of GH action in the liver, IGF-1 is known to be important in postnatal growth based on IGF-1 gene knockout studies (32, 33) . TR4 has been shown to be expressed in mouse hepatocytes, as well as to induce expression of apolipoprotein E (apoE) (34) , a functional constituent of plasma lipoproteins that promotes the receptor-mediated uptake of such lipoproteins by the liver. Through use of TR4 Ϫ/Ϫ mice, it has been confirmed that loss of TR4 reduces expression of apoE in liver. With confirmation of the presence and functional importance of TR4 in the liver, it is possible that TR4 also affects the GH͞IGF-1 signaling pathway. IGF-1 has been shown to be reduced in other knockout mouse (B) Mouse growth curves. TR4 Ϫ/Ϫ pups display a range of significant weight reduction (P Ͻ 0.05), except on day 4 in males (16% reduction, P Ͻ 0.1). For both sexes: TR4 ϩ/ϩ , n ϭ 15; TR4 ϩ/Ϫ , n ϭ 15; male TR4 Ϫ/Ϫ , n ϭ 6; female TR4 Ϫ/Ϫ , n ϭ 5 up to day 22, and n ϭ 3 from day 24 to day 86. The tissues were counterstained with hematoxylin, ϫ400 magnification. models with growth abnormalities, such as the steroid receptor coactivator knockout (SRC-3 Ϫ/Ϫ ) mouse, in the absence of corresponding defects in growth hormone secretion (35, 36) . The discovery of low serum IGF-1 levels (Fig. 3A) and reduced IGF-1 immunoreactivity in liver sections from TR4 Ϫ/Ϫ mice (Fig. 3B ) indicates that an IGF-1 deficiency may contribute to the growth retardation observed in TR4 Ϫ/Ϫ mice. Reduction of IGF-1 levels without corresponding reduction in GH has been suggested to indicate partial GH resistance (37) , and correlate with growth retardation in other mouse models (36).
More recently, it has been found that glucose levels are significantly reduced in newborn TR4
Ϫ/Ϫ mice, as well as in young TR4
Ϫ/Ϫ animals up to 4 weeks of age, paralleling the reduced growth rate of TR4 Ϫ/Ϫ mice (N.-C.L., Y.-F.L., and C.C., unpublished results). Based on finding of hypoglycemia in young TR4 Ϫ/Ϫ mice, it is possible that a glucoregulatory defect, resulting in perinatal and early postnatal hypoglycemia, contributes to TR4 Ϫ/Ϫ growth retardation. Based on the high expression of TR4 in the male reproductive tract, particularly the testes, it would be expected that disruption of the gene in a mouse model would result in reduced male fertility. Indeed, fertility is reduced in both male (38) (unpublished results) and female (Fig. 4A) TR4 Ϫ/Ϫ mice. TR4 Ϫ/Ϫ males show a disruption of spermatogenesis during late meiotic prophase and through subsequent meiotic divisions, and testis sections from TR4 Ϫ/Ϫ mice show degeneration of primary spermatocytes and necrotic tubules (38) .
The significant lack of maternal behavior among female TR4 Ϫ/Ϫ mice ( Fig. 4 B and C) , as well as our preliminary data indicating reduced oxytocin expression in the hypothalamic regions of TR4 Ϫ/Ϫ mice, suggests that defects in regulation of levels of this peptide hormone may result from the disruption of TR4 expression. Oxytocin is produced in neurons of the paraventricular and supraoptic nuclei of the hypothalamus, as well as in specific tissues and cell types peripherally (39) . Already known to be a TR4 target gene (40) , the physiological functions of oxytocin have been well studied, and this peptide hormone is known to affect both central and peripheral systems, as well as behavior (reviewed in ref. 39 ). Oxytocin has a pronounced anxiolytic effect (39, (41) (42) (43) (44) and is required for the milk ejection reflex to occur in nursing dams (23) . A reduction in the anxiety-reducing effects of oxytocin in TR4
Ϫ/Ϫ dams may contribute to their abnormal maternal behavior, whereas it is also possible that the low levels of oxytocin present in the mice prevents milk ejection.
In conclusion, TR4 Ϫ/Ϫ mice display defects in postnatal growth, and female TR4 Ϫ/Ϫ mice show reduced fertility and severe defects in maternal behavior, resulting in neonatal death of their offspring.
These in vivo data demonstrate that TR4 plays an essential part in various physiological functions related to growth and reproduction. Future studies uncovering the mechanisms of TR4 action related to these and other physiological pathways may lead to the identification of a ligand(s) for TR4, as well as yet undiscovered roles of the receptor. 
